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Abstract
Rhandy Joe Paladines
INVESTIGATION OF ADHESION, DEFORMATION MECHANICS, AND
ELECTRICAL PROPERTIES OF AG/SIO2/PDMS TRI-LAYERS FOR
STRETCHABLE ELECTRONIC APPLICATIONS
2019-2021
Wei Xue, Ph.D., and Jeffrey Hettinger, Ph.D.
Master of Science in Mechanical Engineering

The motivation behind this research is to improve the interfacial layer bonding of
metallic thin films to PDMS substrates with the aid of a buffer layer. The physical vapor
deposition (PVD) technique of sputtering was used to deposit bilayer thin films of silver
(Ag) and silicon dioxide (SiO2) on PDMS. Two chamber pressures were used in this
work, 5 and 20 mTorr, to investigate the role of this parameter in determining the
interfacial adhesion and the role in determining the resistance sensitivity. Studies of the
surface energy and increased bonding strength for metallization are carried out. Surface
characterization using atomic force microscopy (AFM) and scanning electron microscopy
(SEM) was performed on PDMS and SiO2 to better understand the topography of the
deposited SiO2 thin film. To validate the integrity of the thin film layers on PDMS,
adhesion measurements were conducted on the film using the ASTM D3359 test which
involves the application of 3M cellophane tape to the coating surface followed by tape
removal. Strain in the coatings were measured. Samples with Ag films deposited using a
chamber pressure of 5 mTorr averaged a maximum strain of 20% while those deposited
at 20 mTorr averaged 15%. Furthermore, photolithography and wet etching were used to
pattern the films to create strain gauge sensors. This work has demonstrated that using
thin layers on PDMS coated with SiO2 and Ag provides a viable technique to
manufacture flexible and stretchable electronics.
v
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Chapter 1
Introduction
1.1. Wearable Electronics
In the world of electronics, accuracy, reliability, and performance are essential
characteristics for any technological device. Recently, wearable electronics have gained
considerable interest due to their ability to monitor physiological characteristics, harvest
energy, and provide long-term health information. The concept of wearable electronics is
of importance in several fields including biomedical instrumentation, telemedicine, and
robotics. Wearable electronic systems have the capability of transmitting real time data in
response to stimulation. Microelectronic devices have been implemented in wearable
electronics for the ability to be used in personalized devices. However, the essential
characteristics listed above are more difficult to achieve in flexible circuitry.
Wearable electronics can integrate a variety of sensors to gather physiological
measurements like body temperature, blood glucose, and heart rate [1, 2]. Physical
measurements like muscle contraction, external pressure, and acceleration can be
monitored by wearable devices. Wearable electronics have the potential to mimic human
skin behavior by having the capability of stretching, bending, and twisting with the skin
[3]. Coupled with appropriate sensors, the material properties of a flexible substrate could
enable the ability to sense, record, and transmit changes in mechanical stress.
Wearable electronic devices are composed of a variety of subcomponents and rely
on each other to work coherently [4]. Mechanical and electrical features of wearable
electronics must be commensurate with the requirements of the proposed application.
Characteristics such as stretchability, durability, and stability are critical qualities for
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stretchable, wearable electronics [3, 5, 6]. Along with being stable, the device must be
flexible and able to return to its original shape after being deformed. In addition, such
electronic devices must be financially feasible and easily scalable for manufacturing.
Understanding the behavior of stretchable electronics under various conditions,
such as compressive and tensile strains, is important for further development and
advances to new applications. As for all electronics, reliable connections within the
device are needed for continuous communication with different connected networks and
components [4]. An important factor in stretchable electronics is repeatability of the
device without compromising the integrity of the device when applying alternating
mechanical deformations. More research on the limitation of conductivity of stretchable
electronics under mechanical stress is needed. Figure 1 shows a variety of stretchable
wearable electronic applications and the importance of the flexibility that is required for
the devices to function properly.
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Figure 1
Examples of Stretchable and Wearable Electronic Applications [2]

1.2. Sensors
Wearable electronic devices are often made from rigid substrates, such as bulk
metals, polysilicon, and hard plastics, which restrict their capabilities to be used in ultraflexible stretchable electronics [7, 8]. Their limited range of flexibility and stretchability
prevents them from being used in stretchable, wearable electronics. Advances in
wearable electronic devices are needed to develop smarter sensors that could be
integrated into biocompatible devices, stretchable and wearable devices, and soft
robotics. Smarter integrated sensors need to be accurate in monitoring small differences
in ever-changing conditions.
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One possible advance for wearable electronic devices would be using a network
of strain gauge sensors that could sense the differences of applied deformation on the
device. Strain gauge sensors have the ability to measure changes in electrical resistance
due to their flexing and their geometric pattern [9]. Figure 2 shows an example of a strain
gauge [10]. Calibrated strain gauges have the ability to quantitatively measure applied
forces, pressures, and displacements based on the change of resistance in the sensor.
Strain displacement of the gauge based on various deformation modes, such as bending,
compressing, twisting, and stretching, induces a change in electrical resistance by
narrowing or widening the strain gauge width [11]. Strain sensors have the ability to
convert mechanical deformation to a measurable electrical signal while being within the
elasticity limits [12]. Figure 3 illustrates the deformation of conductive structures and
their corresponding change of resistance.

Figure 2
Example of a Strain Gauge [10]
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Strain gauge sensors are not bound to only physical strain but also have the ability
to sense environmental changes. For example, temperature variations will impact the
resistivity of the metal and the size of the strain gauge and result in a change in
resistance. Room temperature deposited thin metal coatings can be dominated by charge
carrier/defect scattering reducing the temperature dependence of the resistivity.
Therefore, the temperature dependence is dominated by the thermal expansion coefficient
of the material used as the substrate. The sensor expands as the temperature increases,
therefore changing the length of the sensor [12, 13]. The expansion of the base material is
translated to stress applied to the conducting pattern. As a result, the increase in
temperature increases the resistance of the strain gauge by the expansion of the overall
sensor [13].

Figure 3
a) Example of Tensile and Compressive Stresses on a Sensor Resulting in a Change of
Resistance , b) Compressive Stress, and c) Tensile Stress
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1.2.1 Sensor Patterning
Patterning is used to fabricate sensors of various geometries. To achieve certain
designs and measurement characteristics, patterning is done by isolating conductive from
nonconductive areas on the substrate. Sensor patterning is a commonly used method in
the electronics industry for device fabrication [14]. Different methods of patterning can
achieve features as small as 10 nm. Many different patterning approaches will be
discussed in this document.
A common method of sensor patterning is stencil patterning due to its simple
process. Stencil lithography (SL) is a method that uses a shadow mask with micro to
millimeter sized apertures to form patterns on the substrate. The shadow mask prevents
covered areas from undergoing surface modifications [15] . Stencil lithography is a
simple way to create patterns simultaneously while depositing a coating of material on
the substrate. Controllability of pattern size and uniformity can be a challenge with
stencil lithography as the thickness of the shadow mask could cause an issue with coating
uniformity placing a lower limit on the feature size attainable. Stencil lithography is an
inexpensive sensor patterning method as no additional processes are required after
removing the shadow mask. This work adopts the SL method and is shown later in more
detail in Section 5.2.
Inkjet printing is a relatively new method used for manufacturing microscale
conductive paths via direct patterning. The computer aided inkjet printer can be easily
adjusted to print conductive paths with any shapes or sizes within its limit. Inkjet printing
as employed here uses glass pipettes with 50-100 m glass tips which aid in dispersing
conductive silver nanoparticle (AgNPs), palladium nanoparticle (PdNPs), or gold
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nanoparticle (AuNPs) inks on the substrate [16, 17] . Because heating is not required
during inkjet printing, it is an ideal method for patterning on polymers without damaging
the surface. However, surface treated polymers can present a challenge for printing due to
the increase of surface roughness and surface energy [18].
Photolithography is a widely used method for device patterning. Its process
involves a photoreactive polymer (photoresist) to form patterns on the substrate.
Inorganic substrates are generally used in photolithography due to having no reaction
between the photoresist and substrate [14]. By comparison, organic materials are
generally not used in photolithography due to issues in chemical sensitivity and material
compatibility.
Two common types of photoresists, positive and negative photoresists, are used in
photolithography [19]. In a typical lithographic process, the substrate is coated with a
uniform layer of photoresist. Then a UV light source is used to expose the photoresist
through an optical mask, either breaking or linking polymer bonds to create patterns [20].
For the positive photoresist, the UV exposed areas results in regions of broken polymer
bonds which can to be easily removed using a developer. The negative photoresist
behaves in the opposite manner where exposed areas link polymeric bonds making the
polymer become stronger against the developer. After the photoresist development step,
the remaining photoresist can be used as a sacrificial or masking layer for further
processing. Figure 4 shows the difference between positive and negative photoresists in
photolithography. For this work, positive photolithography is used.
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Figure 4
Schematic of the Photolithography Process for Positive and Negative Photoresists

1.2.2 Sensor Requirements
Sensors produced via any form of lithography mentioned above must have the
ability to be easily patterned at the micrometer scale. A sensor requires stability while
being stretched within a strain range. Deformation within the elastic range is crucial for
sensor repeatability because it allows the sensor to return to its original resistance and
size. Other researchers have studied these factors using sensors based on different
manufacturing methods, demonstrating high resistance sensitivity as a function of high
strain [21, 22]. Requirements for manufactured sensors include characteristics of high
resistance sensitivity, accuracy, and importantly, reproducibility. Resistance sensitivity of
a sensor can be quantified by calculating the gauge factor of the sensor. This quantity is

8

dependent on the ratio change of resistance due to the strain applied to the sensor. The
device’s mechanical and electrical properties must be reproducible within a set limit to
ensure accuracy of nominally identical sensors [23]. Reproducibility of sensors is an
important factor for the mass production and scalability of sensors.
1.3. Conductive Materials
Fabrication methods of conducting sensors have been previously explored using
different types of conductive materials such as silver nanowires (AgNWs) [23], AgNPs
[24], and carbon nanotubes (CNTs) [1, 25]. Various research groups, including FangCheng Liang [26] and Xu Zheng [27], have fabricated flexible electrical conducting
sensors using polydimethylsiloxane (PDMS) and AgNWs. Figure 5 illustrates the
differences of silver nanowire and particles. Other researcher groups, including Daehoon
Park [28] and Tao Han [29], have fabricated flexible sensors on polymers like PDMS and
polyimide (PI) using AgNPs. For the purpose of this research, adhesion between silver
and the polymers PDMS is determined by mechanical testing including adhesion testing
for stretchable sensors. This is discussed in detail in Chapter 4.
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Figure 5
SEM Images of Silver Nanowire [26] and Silver Nanoparticles [30]

Alternative methods have been explored for the fabrication of thin film sensors
including the use of physical vapor deposition (PVD) to create thin layers of coating on
the substrate as well as chemical vapor deposition (CVD). CVD relies on heating of the
substrate to induce chemical reactions on its surface to deposit thin films of material [31,
32]. Metallization of polymers can be achieved using thermal or e-beam evaporation with
the latter used for materials with relatively high melting temperatures. While the above
methods of depositing thin films have their own unique benefits, they also have
limitations. In this work, we have selected a PVD method called magnetron sputtering to
deposit films onto a substrate.
Magnetron sputtering is a method used to create high purity and dense films while
maintaining a low temperature of the substrate. Sputtering consists of ionizing an inert
gas, accelerating the ions toward a target, with the collisions of the ions with a negatively
charged target resulting in the to ejection of target atoms. The liberated atoms are
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directed away from the target and onto the substrate [30, 33]. The target used can be
made from any pure metal elements, alloys, or compounds with various properties. Some
of the major advantages of using magneton sputtering include film uniformity, coating
density, and controllability of film thickness [34]. In order to effectively manufacture
identical sensors, repeatability is crucial. For the purpose of this investigation, Ag targets
are used to sputter uniform thin films on PDMS.
1.4. Polymers
Polymers have been used as substrates for the fabrication of electronics because
of their mechanical, electrical, and thermal properties. Polymers exhibit a large range of
physical properties depending on their composition and processing methods. The
polymers must be chosen to match their properties for those needed in a certain
applications. Polymers in general are simple to synthesize/fabricate in a specific form,
have low production costs, and are widely scalable for mass production [35, 36]. For
certain applications, conventional rigid electronics are inferior to polymer-based
electronics due to their stiffness and absence of high flexibility. Polymers have different
chemical structures which can be tailored to allow them to have a range of tunable
characteristics to satisfy the applications’ needs. For example, both polyimide (PI) and
polyamide (PA) are polymers used in wearable electronic applications due to their
electrical and chemical properties, yet they have several different properties such as their
Young’s moduli [37].
Thermoplastics such as PI, PA, and polyether ether ketone (PEEK) have been
widely investigated as substrates for making sensors [29]. PI is well known for its
outstanding characteristics including high flexibility, high thermal and electrical
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insulating properties, and strong chemical resistance, making it an ideal candidate. The
mechanical characteristics of PI make it a popular candidate for strain induced electronics
[29]. Advantages of PI over other electronic substrates include the ability to maintain
physical and chemical stability even at relatively high temperatures. However, a
significant disadvantage of all thermoplastics, including PI, is the absence of elasticity
[38].
PDMS has been intensely studied over the last several decades for its stable
chemical properties, biomedical compatibility, flexibility, and stretchability [1, 37]. For
this reason, PDMS has been incorporated into biomedical microfluidics and piezoelectric
applications [1]. It is low cost, easy to manufacture, and widely available, making it an
excellent candidate for stretchable electronic applications.
PDMS was chosen for this study because of its simple fabrication approaches.
PDMS substrates can be manufactured by spin coating [22], stencil printing [11],
electrospinning [39], and molding, depending on the criteria of the application. In
addition, PDMS can be prepared in a variety of mixing ratios to achieve different
mechanical properties [40].
An area that has not been intensely studied is the interaction between metals and
PDMS, especially their adhesion properties. Strong adhesion between various conducting
metals and PDMS is crucial in ensuring the permanent bonding and the long-term
stability for stretchable electronic applications.
PDMS is hydrophobic due in-part to the diffusion of unstable low-molecularweight (LMW) chains on the surface [41, 42]. The chemical properties disable permanent
bonding of PDMS to many other materials. The chemical structure of PDMS (C2H6OSi)n
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can be seen in Figure 6. Although methods of making PDMS more hydrophilic have been
studied by the removal of the LMW species [40, 41], chemical modification of PDMS
will not be investigated in this work.

Figure 6
Chemical Structure of PDMS. Elements: Silicon (Si), Hydrogen (H), Carbon (C), and
Oxygen (O) [43]

PDMS is determined to be among the best materials as substrates for
manufacturing stretchable and wearable sensors, and therefore, is the focus of this work.
Controllability of mechanical properties such as rigidity via mixing ratios makes PDMS a
suitable inexpensive polymer to work with. PDMS generally is prepared through a 10:1
mixing ratio of elastomer and curing agent, respectively [44]. A reduction in the
elastomer to curing agent ratio produces a stiffer polymer. For its robust properties, a 5:1
mixing ratio is utilized in this project creating a more stable substrate. The tensile
strength of 5:1 PDMS is investigated and discussed later in Chapter 4.
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1.5. Motivation and Objectives
The motivation behind this research is to improve possible areas of wearable
electronics through the investigation of metal-polymer interfacial properties and the
development of biocompatible devices that are durable and useful. The durability is twofold, including (1) interconnect adhesion and (2) mechanical stability under deformation.
This work will investigate the adhesion of sputter deposited Ag on PDMS with and
without buffer layers. It will also investigate the performance of coatings by altering the
surface characteristics of PDMS and adjusting sputtering parameters. We hope these
investigations will lead to an increase in layer bonding. Efforts in making stretchable
sensors have been previously studied by others using a variety of conducting materials,
but this method of fabrication utilizing buffer layers with PVD is unique to the work
presented here.
In this research the effects of metal thin films, dielectric thin films, and surface
modification of polymers are studied to optimize the parameters for stretchable strain
sensors. This research concentrates on the impact of the silver film thicknesses and
sputtering pressures on the performance of the strain sensor. The impact of different
approaches of mixing interfacial layers, applying buffer layers, and the modification of
the sputtering parameters of silver thin films on PDMS are explored. Mechanical and
electrical properties of various Ag coatings on PDMS samples are tested and recorded in
order to find the optimal parameters for attaining specific physical properties.
The objectives of this research include:
1. Optimize deposited films via physical vapor deposition.
2. Perform material characterization of PDMS, SiO2, and Ag.
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3. Analyze mechanical and electrical properties of thin film sensors.
4. Manufacture devices via photolithography and wet etching.
1.6. General Layout of Thesis
In Chapter 2 of this thesis, the manufacturing processes of 5:1 PDMS and
fabrication of Ag and SiO2 thin films via PVD are described. The surface wettability of
PDMS, including surface free energy and roughness, is discussed in detail in Chapter 3.
Scanning electron microscopy images of Ag thin films, deposited at pressures of 5 mTorr
and 20 mTorr, are compared to further understand their effects in electrical performance.
Chapter 4 touches on the mechanical and electrical properties of thin films on PDMS.
The mechanical characterization also includes adhesion testing of metallic thin films to
PDMS. Device manufacturing via photolithography, stencil lithography, and wet etching
is detailed in Chapter 5. Lastly, Chapter 6 summarizes all the findings in this research as
well as suggest some future work and future goals related to this work.
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Chapter 2
Fabrication Process
2.1. PDMS
Standard PDMS is typically manufactured utilizing a composition of 10:1
elastomer to curing agent ratio but for the purpose of this research a stiffer substrate is
desired. The higher mixing elastomer to curing agent ratio results in a softer PDMS.
Alternatively, a lower mixing ratio produces a stiffer PDMS. As a result, a 5:1 mixing
ratio was chosen to produce a stiffer PDMS substrate, which was deemed more stable to
work with to manufacture stretchable strain sensors.
PDMS was mixed using a weighted ratio of 5:1 elastomer to curing agent. The
separate components were combined in a glass beaker and hand stirred for 5 minutes. The
mixture was set on a stir plate with a stir bar rotating at 50 rpm for 20 minutes. This is
done to guarantee proper mixing. Previous mixing experiments have shown PDMS
samples without sufficient mixing would not cure or would become brittle after curing.
This mixing process was found to be the simplest and most efficient method of mixing
the elastomer and the curing agent.
Due to the nature of the mixture’s high viscosity, air bubbles are created with in
the PDMS when being mixed. After completion of the mixing process, the mixture was
degassed in a pumped desiccator for 20 minutes to allow enough time to remove trapped
air bubbles. Figure 7 shows the PDMS mixture in the degassing chamber. A vacuum
pump (Welch 8917) was connected to the degassing chamber to successfully remove all
air bubbles. This process step is important in achieving uniform, defect-free PDMS
samples by eliminating weak points created from trapped air bubbles that can easily lead
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to tearing during mechanical testing. In addition, any trapped air in the polymer could
lead to further issues during the vacuum deposition process, where it may be forcefully
removed and cause permanent deformation on the PDMS.

Figure 7
PDMS Mixture in the Degassing Chamber

After degassing is completed, the mixture is slowly poured onto glass slides or
silicon wafers, which are placed inside a spin coater (Laurell WS-400). The poured
mixture was then spun at 200 rpm for 30 seconds to achieve a uniform thickness of
approximately 0.7 mm. The thickness of the PDMS was kept constant for every sample in
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order to eliminate the possibility of thickness dependence on the resulting sensors. The
spin coated samples were then placed on a hot plate and set to a temperature of 150 °C
for 25 minutes to allow them to fully cure. A schematic showing the PDMS
manufacturing process is provided in Figure 8. The process consists of a) combining 5:1
elastomer to curing agent, b) mixing it with a stir bar, c) degassing in a vacuum chamber,
d) spin coating on a glass slide or a silicon wafer, and e) heating at 150 ºC for 25 minutes.

Figure 8
PDMS Manufacturing Process
a)

b)

c)

d)

e)

After the PDMS samples have fully cured, they are left to cool for about 10
minutes. In this step, PDMS cools down and cures to the shape of the substrate with high
surface tension due to the thermal expansion of the polymer when heated. The PDMS
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was lifted from the sample holder and allowed to relax and contract to a stable size. The
lifting of PDMS from the holder removes the possibility of any compressive strain that
could impact the adhesion of sputtered silver in the following steps. Subsequent to lifting
the PDMS from the substrate, there was a remarkable size distinction between the freestanding polymer and the substrate holder.
2.2. Thin Films
PDMS is known to have hydrophobic surface properties that make permanent
bonding with metals and other materials challenging [40, 41]. After the fabrication of
PDMS, a surface treatment is required prior to any metal deposition to ensure an increase
of adhesion between the metal and polymer substrate. A typical approach used to
promote adhesion is by using radio frequency (RF) plasma etching to increase the surface
energy of the substrate. Plasma etching uses ionized gasses accelerated to the surface of
the substrate to clean off any contaminants, increase surface roughness , and enable
bonding sites on the polymer surface by altering the surface chemistry. Oxygen (O2) RF
dry plasma etching aids in forming OH- groups [18, 21] on the surface of PDMS while
increasing the surface energy of the PDMS. The role of plasma etching will be discussed
in detail in Section 3.2.
2.2.1. Sputtering
Magnetron sputtering was used to deposit thin films of Ag and SiO2 onto PDMS
substrates. RF plasma etching and sputtering on PDMS was performed using a high
vacuum sputtering system (AJA International ATC 1800 UHV) [45]. At the start of the
process, the base pressure of the chamber was 4 × 10 -4 mTorr before the introduction of
the sputter gas. For all depositions, the gas flow rate of argon (Ar) and O2 were 20 and 10
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sccm, respectively. The sputtering chamber consists of two-inch diameter Ag and SiO2
targets that will be used throughout the experimental work. The deposition rate of SiO2 at
20 mTorr was approximately 0.33 (nm/min) while Ag at pressures of 5 mTorr and 20
mTorr was 18 (nm/min) and 12 (nm/min), respectively.
The designated thickness for SiO2 was 10 nm since the thickness was tested to be
an adequate layer in creating a barrier layer on PDMS without limiting its stretchability.
The targeted thickness for Ag deposition was limited to 40 and 120 nm. Ag films thicker
than 120 nm were deemed unsuccessful due to the stress created on the surface, which led
to film cracks. By comparison, Ag thin films under 120 nm in thickness have been shown
to provide a continuous electrical path with better film quality.
The chamber pressures used in this research were 5 and 20 mTorr to study the
effects of interfacial adhesion and resistance sensitivity on this deposition parameter.
Changing the chamber pressure has an immediate impact on the number of particle
collisions and landing energy of the sputtered Ag on the substrate. Before the start of
deposition, the substrate samples were cleaned with methanol and dried with argon to
remove any contaminants on the surface. The samples were then loaded onto a 4 inch
substrate holder and moved into the sputtering chamber. The samples were set to rotate at
approximately 40 rpm in the chamber prior to all plasma modifications to ensure surface
preparation and final uniformity.
The PDMS samples were dry plasma etched at 50 W with oxygen for
approximately 2 minutes at a chamber pressure of 20 mTorr while being rotated. Two
minutes of plasma etching is sufficient to increase of the wettability, the surface energy,
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and the surface roughness of the PDMS. Details regarding the surface modification will
be discussed in more detail later in Section 3.1.
Immediately after the RF plasma etching, a buffer layer of SiO2 is deposited on
the substrate using RF sputtering. The RF power supply, set at 200 W, was applied to the
SiO2 target for approximately 30 minutes to achieve a 10 nm buffer layer. A 10 nm
thickness was chosen to be the target thickness because it was sufficient to separate the
PDMS from the metal layer without showing signs of delamination. After the SiO2
deposition was completed, the sample was left to cool down for about one minute before
any subsequent processing or deposition. In some depositions, a chromium (Cr) buffer
layer was investigated hopes of increasing the adhesion between polymer and Ag.
Different thicknesses of Cr buffer layers up to 60 nm were tested; however, these
attempts were found to be unsuccessful due to the stress created on the surface which
resulted in coating fracturing. The stress fractures on the Cr buffer layer created issues
with Ag adhesion and electrical continuity on the surface.
After the SiO2 cool down, the chamber conditions were initiated in preparation for
Ag deposition. To ensure effective interfacial film mixing between SiO2 and Ag, an RF
(50 W) bias was used while simultaneously depositing Ag for the first 30 seconds. In our
preliminary experiments of testing methods for improving adhesion, the deposition
without the simultaneous RF etching led to multiple delamination locations. In contrast,
running the RF plasma etching and Ag deposition together resulted in greater interfacial
bonding of films without delamination. This will be discussed further in Section 4.1.
For the Ag depositions at chamber pressures of 5 mTorr and 20 mTorr, the inlet
argon gas flow rate was set to 20 sccm and the DC power was set at 50 W. The targeted

21

thicknesses of 40 nm and 120 nm were achieved by varying the deposition times based
on the measured deposition rates of Ag. The change of chamber pressure has been found
to influence the deposition rate of Ag and the difference can be observed in Table 1. A
summary of the overall process is shown in Figure 9.

Table 1
Set of Deposition Parameters for Ag

Pressure

Thickness

Deposition Rate

Time

(mTorr)

(nm)

(nm/min)

(minutes)

5

40

18

2.2

5

120

18

6.6

20

40

12

3.3

20

120

12

10
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Figure 9
Schematic Summarizing the Whole Sputtering Process

Note. a) loading PDMS sample in chamber, b) RF etching PDMS, c) depositing SiO 2, d)
RF etching SiO2, and e) deposition of Ag. The overall structure of the completed tri
layers is shown in f).
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Chapter 3
Material Characterization
3.1. Surface Properties
To investigate the surface energy properties and bonding strength for
metallization, the film surfaces are characterized before and after any process. Contact
angle measurements were conducted on PDMS substrates and SiO2 films to quantify their
wettability by comparing the contact angles on the surfaces. The results illustrate the
effectiveness of plasma treatment that aids in adhesion between the deposited thin films
and PDMS. The wettability of a surface can be categorized into two groups: hydrophilic
or hydrophobic, based on the contact angle of a water droplet on the surface. Generally
speaking, surfaces that have a contact angle greater than 90° are considered hydrophobic
while surfaces with angles under 90° are considered hydrophilic [46, 47].
3.2. Contact Angle Goniometry
The contact angles of the water droplet on PDMS and SiO2 were measured with a
contact angle analyzer (Biolin Scientific Attention Theta Lite) before and right after
(within 5 minutes) plasma etching. Contact angle measurements were conducted using a
sessile drop method with a water droplet of 2 l. To acquire the surface energy of both
PDMS and SiO2 two different liquids, deionized water and diiodomethane solvents, are
used in contact angle measurements. Diiodomethane is used as it is a non-polar solvent,
making the calculations of surface energy simpler.
The wettability of PDMS is first tested to see the effect of plasma etching before
the SiO2 deposition. Figure 10 shows the measured contact angles of untreated and
treated PDMS, which highlight the role of the oxygen plasma treatment. The untreated
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PDMS has a water contact angle of about 115° where the surface is considered
hydrophobic. After 2 minutes of oxygen plasma exposure, the contact angle decreases to
about 12° . A lower water contact angle illustrates greater wettability and a greater
bonding strength for the substrate, which is expected to enable improved metal adhesion
[48, 49] .

Figure 10
Contact Angles of a) Untreated PDMS and b) Treated PDMS

Figure 11 shows the wettability of SiO2 before and after oxygen plasma treatment.
The untreated SiO2 is hydrophobic with an average contact angle of 107° while after 15
seconds of plasma etching the contact angle is measured to be 12° A similar effect of the
decreased contact angle is observed on SiO2 as is observed on PDMS, verifying that
plasma treatment promotes wettability.
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Figure 11
Contact Angles of a) Untreated SiO2 and b) Treated SiO2

To gain a better understanding of the surface properties of PDMS and SiO2, a
calculation of surface free energy is undertaken. The surface free energy is a measure of
the intermolecular bonds on the surface of a material. The measured contact angle can be
used to study the surface free energy, adhesion, and wettability of any surface. It
illustrates the interaction behaviors of solid surfaces and liquid surfaces. Plasma
modification of the surface increases the surface energy in response to the
functionalization of the surface.
The Owens-Wendt-Kaelble equation [46, 50] determines the total surface free
energy (γs) including polar (γsp) and dispersion (γsd) energy of the solid surface based on
measured contact angle, polar energy (γlp), and dispersion energy (γld) of the liquid used.
Equation 1 shows the Owens-Wendt-Kaelble equation used to calculate the total free
surface energy.
γ𝑙 (1 + cos ∅)

𝑝

=

√𝛄𝒅𝒔

2√γ𝑑𝑙
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+

√𝛄𝑷𝒔

γ
∙ √ 𝑙𝑑
γ𝑙

(1)

The calculation of the total surface free energy depends on using two types of
liquids to obtain two different contact angles. As mentioned previously, the non-polar
diiodomethane is used as a reference solvent because it allows the second term on the
right side (γsp) of Equation 1 go to zero, making the surface dispersion (γsd) calculation
easier to compute. The measured contact angles of both solvents on PDMS and SiO2 can
be found in Figure 12 and the total surface free energy can be calculated accordingly.
Table 2 summarizes the measured contact angles on PDMS and SiO2 samples with
deionized water and diiodomethane. The calculated corresponding surface energy
components are also shown in Table 2.

Figure 12
Contact Angles of DI Water and Diiodomethane on PDMS and SiO2
120
DI Water

Contact Angle °

100

80
60
40
20

0
Untreated PDMS Treated PDMS Untreated SiO2

Samples
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Treated SiO2

Table 2
Comparison of Measured Contact Angles (Mean and Standard Deviation) and
Calculated Surface Energies of PDMS and SiO2

Substrate

 Water

 diiodomethane

γsd (mJ/m2)

γsp (mJ/m2)

γs (mJ/m2)

111º ± 2.0º

73º ± 1.0º

21.0

0.10

21.0

11º ± 1.0º

43º ± 1.7º

38.0

37.0

75.0

102º ± 4.7º

77º ± 2.9º

19.0

1.6

20.6

16º ± 4.3º

48º ± 4.2º

35.0

37.0

72.0

Untreated
PDMS
Treated
PDMS
Untreated
SiO2
Treated SiO2

These results show untreated PDMS have a low surface energy of approximately
21.0 mJ/m2 prior to plasma etching the surface. The surface modification of PDMS has
resulted in an increase of surface energy to 75 mJ/m2. Untreated SiO2 film surface energy
initially had a low surface energy of 20.6 mJ/m2 for the untreated surface, while after
plasma etching the surface energy was increased to 72 mJ/m2. Both the treated PDMS
and SiO2 samples have shown an increase of polar surface energy, which results in
enhanced wettability for Ag adhesion.
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3.3. Surface Characterization
Surface characterization using AFM (JOEL SPM 5200) was performed on
untreated PDMS and SiO2 surfaces to investigate their surface roughness. This
experiment was conducted to show the role of surface roughness effect in interfacial
adhesion. A visual representation of the surface and statistical analysis help us better
understand the impact of deposited SiO2 on PDMS for adhesion purposes.

3.3.1. AFM
Both PDMS and SiO2-on-PDMS samples were measured using the contact mode
on the AFM. The overall scanned sample areas were 10 m × 10 m and the most
uniform 3 m × 10 m areas were extracted for analysis to remove any surface artifacts
which could skew the results. As shown in Figure 13A, the untreated PDMS has an RMS
roughness (Sq) of 0.48 nm. Figure 13B shows the surface of a sample of a 10 nm
sputtered thin film of SiO2 on PDMS; it has a Sq value of 1.7 nm. The comparison
between the two samples verifies the increased surface roughness after the deposition of
SiO2 film on PDMS. The statistical analysis of surface roughness is shown in Table 3. A
higher Sq value is interpreted as an increased number of bonding sites for the sputtered
silver particles to adhere to with enhanced permanent bonding [51].
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Figure 13
AFM Images of a) Untreated PDMS and b) SiO2 on PDMS
b)

a)

Note. The large spikes are interpreted as artifacts due to vibration, debris, or other surface
defects, and are excluded from further analysis

Table 3
Statistical Analysis of Surface Roughness of PDMS and SiO2
PDMS (nm)

SiO2 (nm)

Root mean square roughness
(Rq)

0.076

0.010

Maximum roughness peak height
(Rp)

0.31

0.60

RMS roughness (Sq)

0.48

1.7

Mean roughness (Sa)

0.39
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3.3.2 SEM
SEM inspection was performed on the RF plasma treated PDMS, SiO2, and Ag
using an FEI Apreo S scanning electron microscope. Surface “rolling hills” features are
seen on untreated PDMS in Figure 14a and after plasma treatment in Figure 14b. The
rolling effects seen on the surface of PDMS exists prior to any plasma treatment appear
to be deeper post treatment. The sizes of the surface features vary from 50 nm to 100 nm
in diameter. The plasma modification on PDMS seems to increase the surface area while
enabling more bonding sites.
At pressures of 5 mTorr and 20 mTorr, the 120 nm thin films of silver showed
differences in grain structure and particle sizes. An SEM image of the sputtered Ag at 5
mTorr can be seen in Figure 15. The grain diameter of silver ranged from 70 nm to 80
nm. Figure 16 illustrates the sputtered Ag at 20 mTorr, where particle diameters ranged
from 50 nm to 60 nm. The particle size from both SEM images were determined using a
particle grain analyzer. The results show that the Ag film deposited at 5 mTorr have a
larger particle size likely resulting from a higher adatom mobility.
The different of grain sizes can be the results of differences of pressures in silver
deposition. The mean free path of silver particle is inversely related to the pressure.
Therefore, the mean free path of silver particles increases as the pressure of the chamber
decreases. In addition, the landing energy of sputtered silver particles is influenced by the
mean free path. Since the silver particles at 5 mTorr were deposited at a lower pressure,
the distance of travel between particle collisions is greater. A greater distance between
collisions allows silver particles to retain its initial kinetic energy. We suspect the greater
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landing energy of silver particles at 5 mTorr directly impacts the grain size causing larger
particle sizes.

Figure 14
A) SEM Image of Untreated PDM and B) After Plasma Treatment
A)

B)
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Figure 15
SEM Image of Ag Sputtered at 5 mTorr on SiO2/PDMS Sample

100 nm

Figure 16
SEM Image of Ag Sputtered at 20 mTorr on SiO2/PDMS Sample

100 nm
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Chapter 4
Mechanical and Electrical Testing
4.1. Adhesion
The primary goal of sputtering SiO2 on PDMS is to improve the bonding strength
between the polymer and metal with the aid of a buffer layer. Early experiments of Ag
directly sputtered on untreated PDMS at various pressures, power, and thicknesses have
demonstrated weak bonding strength without using a buffer layer. The introduction of
SiO2 as a buffer layer has resulted in an increase in the bonding strength between Ag and
PDMS. The two factors to be considered when designing stretchable sensors are (1) the
integrity of the metal-to-polymer adhesion and (2) the conductivity before and after
flexing or stretching the sensor. To validate the integrity of adhesion of the thin film
layers on PDMS, the ASTM D3359 adhesion tape test was performed on the Ag coatings.
Based on our initial experiments, the difference of deposition pressure (5 mTorr and 20
mTorr) does not lead to notable difference in Ag adhesion to the SiO2 coated polymer,
therefore, only the results from 5 mTorr samples are shown below.
The pullback tape test method conducted on the film is useful to test the adhesion
of the coating. Cellophane tape (3MScotch T9656106PK) was adhered onto the silver
coatings of the sample and rolled out with a cylinder to ensure full adhesion. A red line
was drawn on the sample using a sharpie to designate the exact testing place. Two sets of
adhesion experiments were conducted on the same sample. The first experiment included
folding the film in half, creasing at the fold and then performing a tape test on the fold.
The second test involved straining the sample at an8% strain using a caliper following the
tape test on the sample. An illustration of both sample deformation tests are shown in
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Figure 17. The application and removal of the cellophane tape at the marked line on the
sample is schematically shown in Figure 18.

Figure 17
a) Overall Schematic of the sample Before b) Folding and c) Straining

Figure 18
Illustration of a) Cellophane Placement on Sample and b) Removal of the Tape
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The 120 nm of Ag on SiO2 and PDMS sample was marked with a red line in the
center to illustrate the area to be tested prior to any tests, as shown in Figure 19. The
sample was first folded onto itself, and creased along the dotted line, as shown in Figure
20. After the folding was completed, the tape test was performed on the sample.

Figure 19
A Red Dotted Line Marked on 5 mTorr Ag on SiO2/PDMS for Adhesion Testing

Figure 20
Sample of Ag, SiO2, and PDMS Folded on the Dotted Line and Creased
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The sample was subjected to an 8% strain by attaching the ends of the sample to
a digital caliper and stretched, as shown in Figure 21. Next, a cellophane tape was applied
along the dotted red line and pressed down to ensure good adhesion to film. The removal
of the tape was completed by pulling the tape at a constant speed by hand. The tape was
pulled back in parallel to the surface of the sample. The tape test results after each
experiment can be seen in Figure 22. No delamination of silver was seen after a) folding,
b) straining the sample, and c) after both tests were completed.
Visually the Ag coating on PDMS with SiO2 buffer layer has shown minimal
delamination and remained mostly intact after folding and straining. As a result, the
interfacial bonding of Ag to PDMS has seemed to increase without affecting the quality
of the film. Our earlier experiments without the use of a SiO2 buffer layer have resulted
in weak interfacial bonding and lead to delamination of Ag. Because there is electrical
continuity on the film during and after extreme folding, the use of a SiO2 buffer layer can
be considered a highly desired component in the fabrication of flexible sensors.
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Figure 21
PDMS Sample Undergoing an 8% Strain Using a Digital Caliper

Figure 22
Adhesion Tape Test Results After a) Folding, b) Straining, and c) Both Folding and
Straining of film

a)

b)

c)
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4.2. Tensile Testing
The tensile strength of PDMS is dependent on various parameters such as the
elastomer to curing mixing ratio and baking times. By varying such parameters, PDMS
can be tuned to have a greater Young’s modulus, meaning a greater force is needed to
deform the material to the same extent. The strength of the substrate is an important
factor for wearable electronic applications. To ensure the tensile strength of the tested
PDMS is within specifications of industry standards, Young’s modulus of the 5:1 PDMS
was determined.
4.2.1. Sample Preparation
The tensile testing was conducted on 5:1 PDMS using a tabletop tensile tester
(Shimadzu AGS-300kNX). To accurately test the Young’s modulus of the sample,
ASTM D412 standard dog bone molds were designed. Molds were 3D printed with
polylactic acid material. The gauge length and cross sectional area of the samples are
approximately 33 mm and 12 mm2, respectively. Figure 23 displays the dog bone
structure design used to create the molds. PDMS samples for tensile testing were
manufactured by pouring uncured 5:1 PDMS into the molds. The molds were placed on a
hot plate and heated to 150 ºC for 25 minutes to cure the PDMS. The PDMS sample
thickness was measured to be approximately 2 mm after removing it from the molds. An
image of the actual mold and a fabricated PDMS dog bone are shown in Figure 24.
The preparation of the PDMS dog bone sample for tensile testing includes
wrapping their ends with 3M multi-use duct tape to prevent slippage while clamped on
the tensile tester. This does not impact the measurement since the wrapping points are far
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from the torn portion of the samples. Figure 25 illustrates a sample with duct tape
wrapped on both ends.

Figure 23
Drawing of ASTM D412 Dog Bone with Dimensions in Millimeters

Figure 24
ASTM D412 Molds with a Resulting PDMS Dog Bone
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Figure 25
Tensile Testing Sample with 3M Duct Tape Applied

4.2.2. Testing
The PDMS dog bone samples were loaded and clamped onto the tensile tester
after adding duct tape on the ends. The loaded samples were relaxed, rather than stretched
or compressed, while being attached to the grips before starting the experiment. The
displacement rate was set to 20 mm/minute and the data was recorded using the
manufacturer’s software (Trapezium). The raw data measurements acquired over 6
samples are used to generate the stress-strain curves. Figure 26 illustrates a taped sample
loaded onto the tensile grippers before and after testing is completed. The tested dog bone
samples failed at the center each time.
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Figure 26
Shimadzu Tabletop Tensile Tester Set Up

Note. Left image shows a taped sample loaded onto the grippers. Right image is a sample
after tensile testing is completed

4.2.3. Results
Test data generated from tensile testing show typical stress-strain curves of
PDMS. The force on the sample is measured by the force gauge on the tensile tester and
the strain is calculated by the displacement of the sample. Figure 27 illustrates the
calculated Young’s modulus for the tested 5:1 PDMS sample. Young’s modulus is
calculated by finding the slope of the linear part of the curve, which in this case is almost
all the data points before the break point. The average Young’s modulus is calculated to
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be 0.595 MPa and is comparable to other tested PDMS with the 5:1 mixing ratio [52, 53].
The stress-strain curve of a PDMS sample is shown in Figure 28. The ultimate stress of
the sample was found to be 0.35MPa while the ultimate strain is 0.6 (or 60%). The
mechanical properties of the 5:1 PDMS samples are reported in Table 4.

Figure 27
Young’s Modulus of All 5:1 PDMS Samples Tested
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Figure 28
The Stress-Strain Curve of a 5:1 PDMS Sample

Young's modules : 0.595 MPa

Table 4
Mechanical Properties of the 5:1 PDMS Sample
Ultimate Strength
Material

Ultimate Strain

Young’s Modulus (MPa)

0.600 ± 0.070

0.595 ± 0.050

(MPa)

5:1 PDMS

3.56 ± 0.70
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4.3. Sensor Sample Preparation
The resistance sensitivity of PDMS samples with a SiO2 buffer layer and a 120
nm Ag coating deposited at 5 and 20 mTorr pressures were investigated. Samples with
dimensions of 25 mm × 75 mm were prepped for electrical testing by attaching 22 AWG
leads with silver epoxy onto the Ag thin film. For accurate results, a four-probe method
was used to eliminate contact resistances of silver epoxy and wires from the
measurement. Figure 29 illustrates a schematic of a prepped sample with one pair of
leads used for applying a constant current and a second pair for voltage difference
measurements. These leads were attached using a 1:1 mixing ratio of a two part silver
filled epoxy, MG Chemicals 833. The samples with attached leads were baked at 100 ºC
for 20 minutes to fully cure the silver epoxy. After curing, the samples were tested with a
multimeter to verify the electrical continuity across all leads.
Duct tape was applied around the top and the bottom leads to prevent the samples
from ripping at the leads while undergoing tensile testing. A 8 mm gap of sample is
exposed between the top and bottom portions of the duct tape; this distance is labeled as
Lo, which is also used to calculate the strain. Figure 30 shows the sample setup to be
tested with attached leads.

45

Figure 29
Sample with a Pair of Leads for Applying a Constant Current and Another Pair for
Voltage Reading

Figure 30
Sample with Duct Tape over Leads. The Exposed Area is 8 mm in Length
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4.3.1. Sensor Testing Setup
During tensile testing, the change in film resistance is measured using the fourprobe method. A programmable current source, Keithley 224, was used to output a
constant current of 10 mA across the sample via two electrodes. A data acquisition
system (DAQ), National Instrument NI USB-6210, was used to obtain resistance changes
of the sample as a function of displacement. While the loaded sample was being
displaced by the tensile tester, the measured resistance data was recorded. An electrical
wiring schematic of setup can be seen in Figure 31. Figure 32 shows a drawing
representation of the testing setup on sample.

Figure 31
Wiring Diagram of the Electrical Setup
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Figure 32
A Systematic Representation of the Testing Setup on Sample

The created LabVIEW program displays real time resistance by dividing the
voltage across the sample by the constant current of 10 mA. The program recorded all
electrical signals (voltage and current) continuously. Equation 2 illustrates Ohm’s Law,
which is used to calculate the sample resistance in real time. Figure 33 illustrates the a)
acquired DAQ voltage input before b) filtering any noise with a low pass filter, and then
c) dividing by 10 mA before outputting the resistance.
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(2)

V =I× R

∆𝑉
10 𝑚𝐴

∆𝑅 =

Figure 33
LabVIEW Interface Code for DAQ to Acquire Resistance Reading

c)

a)
b)

After the samples were clamped onto the tensile tester, the force and length
displacement were set to zero to clear any previous data. The tensile rate of displacement
was set to 3 mm per minute. The electrical testing concluded once the sample’s break
point was achieved.
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4.3.2. Electrical Results
The goal of electrical testing on the deposited films on PDMS was to measure the
difference of resistance sensitivity based on sputtering pressures of 5 and 20 mTorr. A
visual diagram of the connected DAQ, the current source, and the sample can be seen in
Figure 34. The current source of 10 mA was chosen to be a safe current for
measurements of low-resistance device without overheating. The DAQ has an input
voltage limit of 10 V and the sample resistance ranges from 2 Ω to 400 Ω , so a low
current source of 10 mA outputs a maximum voltage of about 4 V. The maximum
measured voltage of the sample is within the limit voltage of the DAQ.

Figure 34
Circuit of the Simultaneous Four-Probe Method

For this experiment, the tensile tester and DAQ were used simultaneously. After
the samples were clamped onto the tensile tester, alligator clips were attached to the
wires. Six samples synthesized at each deposition chamber pressure were electrically
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tested. The strain was obtained by dividing the difference of length, △L, by the initial
length Lo. The resistance sensitivity was defined as the deformation-induced change in
resistance divided by the initial resistance, Ro. Equation 3 was used to find strain and
Equation 4 shows how to find resistance sensitivity of the sample.

𝑆𝑡𝑟𝑎𝑖𝑛 (%) =

∆𝐿
× 100
𝐿𝑜

𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 =

∆𝑅
𝑅𝑜

(3)

(4)

The samples synthesized at different pressures of 5 mTorr and 20 mTorr were
examined to determine the optimal deposition pressure for sensor fabrication. The Ag
thin films deposited at these two chamber pressures result in different electrical and
mechanical properties based on their grain sizes and formations, as described in Section
3.2.2. Figure 35 shows the resistance sensitivity versus strain for samples deposited at a
chamber pressure of 5 mTorr. The maximum strain without the coating becoming
electrically discontinuous was 20%; the maximum △R/R was measured as approximately
80. Figure 36 shows a similar graph for samples deposited at a chamber pressure of 20
mTorr. The maximum strain in this case is approximately 14% with a maximum △R/R of
80. Comparing these two sets of data, the coatings deposited at 5 mTorr seem favorable
for sensor manufacturing due to their higher strain limitations and smaller standard
deviation between samples. Consequently, the parameters used for manufacturing
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stretchable sensors have been determined as 120 nm of Ag, deposited at the 5 mTorr
chamber pressure on SiO2/PDMS substrates.

Figure 35
∆R/R-Strain Curve of 120 nm Ag Deposited at 5 mTorr
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Figure 36
∆R/R-Strain Curve of 120 nm Ag Deposited at 20 mTorr
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Chapter 5
Device Manufacturing
5.1. Patterning
For film patterning, the first approach employed was using photolithography to
define strain gauges on PDMS. Photolithography on polymer-based electronics has been
a difficult process due to incompatibilities between the required harsh chemicals and
organic polymers. Some polymers like PDMS are less resistant to chemical reactions,
making it difficult to work with. Solvents such as acetone, ethanol, dimethylformamide
(DMF), and isopropyl alcohol (IPA) are known to swell the surface of the PDMS and
cause surface deformation.
A promising solution of using buffer layers has been found to prevent the PDMS
from swelling when in contact with harsh solvents. The 10 nm buffer layer of SiO2 has
been verified to prevent solvents from directly interacting with the PDMS surface and
impacting the material. The glass layer provides a protective coating on the surface of the
PDMS. As a result, the solvents used in the process cannot penetrate the buffer layer to
react with PDMS. To verify the effectiveness of the chemical insulating barrier, acetone
and DMF droplets have been placed on the surfaces. PDMS with no SiO2 has shown
swelling while SiO2 coated PDMS has no visual swelling after several minutes of
exposure to these solvents. The SiO2 barrier has made it possible to use photolithography
on organic material based substrates like PDMS and other polymers.
5.1.1. Photolithography
Photolithography has been conducted on 4 inch Si wafers to test the scalability of
the process. The tools used for photolithography include a spin coater, a UV light source,
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and a hot plate. The overall procedure of photolithography and wet etching is
schematically illustrated in Figure 37, where a) a photoresist is spin coated, b) the film is
exposed to the UV light source, c) the photoresist is developed, d) the exposed silver is
etched away, and e) the remaining photoresist is removed.

Figure 37
Photolithography Process

a)

b)

c)

e)

d)

Note. a) Photoresist is Spin Coated, b) the Photoresist is exposed to UV light source,
c)the Photoresist is developed, d) the exposed Silver is Etched away, and e) the excessive
Photoresist is removed

The first step of photolithography involves using the spin coater to coat a layer of
photoresist on the sample. Figure 38 shows the Ag/SiO2 films on PDMS before any
processes. The initial step in the process involves covering the surface of the sample with
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MCC Primer 80/20 by spin coating it at 500 rpm for 10 seconds. The primer aided the
photoresist to adhere to the sample’s surface. Next, a positive photoresist, Microposit
S1813 [54] , was spin coated on the sample at 3000 rpm for 30 seconds to achieve a
photoresist thickness of approximately 2 m [54]. After spin coating, the wafer was
placed on a hot plate, set at 100 °C, for 1 minute to soft bake. The soft baking process
helped harden the photoresist reducing the stickiness of the surface by evaporating the
solvent. The hardened photoresist helps prepare for the UV exposure. A sample with spin
coated photoresist can be seen in Figure 39. After soft baking, the sample is ready for UV
exposure.

Figure 38
Sample Before the Photolithography Process
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Figure 39
Sample with Spin Coated Positive Photoresist

The second step in the process is exposing the sample to the UV source for
patterning. A photomask containing strain gauge patterns is placed on the sample with a
clear glass plate on top to secure it in place. The photomask used to pattern strain gauges
can be seen in Figure 40. The sample with the photomask and the glass plate on top is
placed under the UV light source. The optimal UV exposure time for patterning 2 m
thick photoresist was found to be 25 seconds [54]. Figure 41 shows the UV power supply
( left) and the UV source (right, inside the Al foil) used for our project. After the UV
exposure, the photoresist is ready for development.
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Figure 40
Photomask Used for Strain Gauge Fabrication

Figure 41
UV Power Supply (Left) and UV Light Source (Right, Inside the Foil) Used for
Photolithography
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The third step in patterning was to develop the photoresist by removing the areas
that were exposed to the UV light. The step was done by submerging the sample in a
diluted Microposit 351 developer (1 developer: 10 DI water) for one minute. Figure 42
shows the sample after the photoresist development step.

Figure 42
Sample After the Photoresist Development
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5.1.2. Wet Etching
The wet etching process was used to remove excessive metal materials to form
the device patterns on the substrate. For this research, a silver etchant was used to
chemically etch away silver that is not covered with the photoresist pattern. The silver
etchant, purchased from Transene, was diluted in a 1:1 ratio with deionized water to
reduce the etch rate and control the etching time. The etching rate of the diluted silver
etchant was approximately 10 nm per second. The samples were submerged in the
etchant for 12 seconds to fully etch away the excessive 120 nm of silver. Afterwards, the
sample were submerged in deionized water to stop further chemical reaction. Figure 43
shows the sample after wet etching with the formed strain gauges patterns. Photoresist is
still present on the areas with the remaining silver and will have to be removed next.

Figure 43
Sample After Silver Etchant was Used to Form Strain Gauges Patterns
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The residual photoresist is removed using Microposit Remover 1165. The
chemical is used to remove excess photoresist without reacting with the SiO 2 and Ag
films on the PDMS. The sample is submerged in the solvent for 1 minute until the
photoresist is removed. Finally, the sample is cleaned with deionized water. The final
product of the fabricated strain gauges can be seen in Figure 44. All the chemicals used in
the process are summarized in Table 5.

Figure 44
The Final Product of Strain Gauge Sensors on PDMS

61

Table 5
List of Chemicals Used in the Photolithography Process

Chemicals

Purpose

Duration Exposed

MCC Primer 80/20

Primer to adhere photoresist

30 seconds

Microposit S1813 positive

Photoresist to create patterns

20-30 seconds

Develop the photoresist

60 seconds

Remove silver coating

12 seconds

Remove photoresist

60 seconds

photoresist
Microposit 351 developer
(1:10, diluted with DI water)
Transene silver etchant (1:1,
diluted with DI water)
Microposit Remover 1165

Photolithography has shown to be an effective way to create patterns on PDMS
without causing undesired chemical reactions to it. The SiO2 buffer layer has proven to
be effective in protecting the PDMS substrate. Using photolithography, we were able to
successfully pattern the film into sensors.
However, while the whole process seemed successful, we encountered an issue in
the last step during the removal of the photoresist. The photoresist remover (Microposit
Remover 1165) seems to react with the silver coating, degrading the film and weakening
its adhesion to the substrate. Before the final step of trying to remove the photoresist, the
polymer to metal adhesion was shown to be excellent. While it is likely possible to
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improve the adhesion through the lithographic process, the method is time consuming
and expensive. An alternative method should be developed for defining the device.
5.2. Stencil Lithography
Stencil lithography was an alternative method used to bypass the issue of
photoresist removal on PDMS. This simple alternative required a stencil mask that would
be used to sputter through during film deposition. Figure 45 shows an image of the stencil
mask used for strain gauges. The stencil mask was designed to be placed on the bare
PDMS sample in the sputtering chamber before running the deposition process that was
described in Section 2.2.1. After the film deposition, four wire leads were attached and
prepped for tensile testing. When covering the leads on strain gauge with duct tape, a
length of 20 mm, Lo, was exposed between the tapes. Figure 46 shows the experimental
setup of a stencil lithography produced strain gauge on the tensile tester.

Figure 45
Stencil Mask Dimensions (mm) Used for Producing Strain Gauges for Stencil
Lithography
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Figure 46
Stencil Lithography Produced Strain Gauge on Tensile Testing with Tape on its Ends

5.3. Performance
The final sensor used for testing was fabricated with stencil lithography. Figure
47 shows the ∆R/R vs. strain curves of four sensors, all of which have 120 nm Ag
deposited at the 5 mTorr chamber pressure. An overall view of the ∆R/R-strain curve of
the four sensors can be seen in Figure 48. The patterned film showed the ability to be
used as a sensor with a △R/R ranging from 0 to 800% while undergoing a maximum
strain of 2.5%. Strain gauge manufacturing via stencil lithography has shown to be a
promising method for device fabrication.
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Figure 47
∆R/R-Strain Curves of Patterned 120 nm Film of Ag at 5 mTorr Measured Over 4
Samples

Figure 48
Overall view of ∆R/R-Strain Curve of Four Patterned Samples
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Chapter 6
Conclusion and Future Works
6.1. Conclusion
In this research, polymer-to-metal adhesion and the electrical properties of the
coated films are investigated for the fabrication of stretchable electronic sensors. Ag thin
films are used as the conductive coating on PDMS while having a SiO2 buffer layer as an
adhesion promoter and chemical/diffusion barrier. The deposition parameters for Ag
coating have been investigated and result in strong adhesion between the metal and the
polymer PDMS. Finding the optimal parameters for silver deposition can aid in creating
sensitive sensors to be used in wearable electronics. Thin films were created by physical
vapor deposition of Ag and SiO2 to promote greater interfacial bonding and desired
electrical properties. Sensors were fabricated with a 120 nm Ag thin film and a 10 nm
layer of SiO2 on PDMS.
The PDMS surface properties were investigated in efforts to increase the adhesion
of polymer to subsequent coatings. Surface characterizations were performed examined
via contact angle measurements, AFM, and SEM. Contact angle goniometry on PDMS
and SiO2 was conducted using deionized water and diiodomethane. The surface free
energy of PDMS and SiO2 showed an increase of surface free energy after RF treatment.
The PDMS surface energy increased from 21 mJ/m2 to 75 mJ/m2 and the SiO2 surface
energy increased from 20.6 mJ/m2 to 72 mJ/m2. The RF treatment on the surface has
proven to increase adhesion and wettability on treated surfaces. The AFM measurement
showed an increase of surface roughness after the SiO2 deposition on PDMS. SEM

66

images showed silver particle sizes of about 70-80 nm for 5 mTorr chamber pressure
deposition and particle sizes of 50-60 nm when the pressure was set as 20 mTorr.
The mechanical and electrical characterization of the films was conducted via
tensile testing and four-probe electrical measurement. Tensile testing was used to find the
mechanical properties of 5:1 PDMS where its Young’s modulus was found to be about
0.6 MPa with an ultimate strain of 60%. After Ag deposition at 5 mTorr and 20 mTorr on
PDMS, the maximum strains with continuity on the conductive films were obtained as
20% and 14%, respectively. The △R/R-strain curve shows trend lines with a maximum
value of 70. The electrical testing via the four-probe method showed that the Ag film
deposited at 5 mTorr was the better option due to the greater strain and smaller deviation
in △R/R.
Sensor manufacturing was conducted via two paths: photolithography and stencil
lithography. The optimal film, 5 mTorr Ag on SiO2/PDMS, was patterned to form strain
gauges. Photolithography on organic substrates have previously been reported to be
difficult due to chemical resistance and compatibility issues. A buffer layer of 10 nm
SiO2 has overcome this issues as it prevents the reacting chemicals from reaching the
PDMS. Another issue that we faced while manufacturing the devices was the removal of
photoresist at the end of the photolithography process. Patterning strain gauges via stencil
lithography was a simpler and faster process as it avoided the use of wet chemicals. The
strain sensors fabricated with stencil lithography showed a △R/R-strain curve that had a
maximum strain of 2% and △R/R of about 8. A comparison between this work and
others, regarding materials, methods, sensitivity, and strains, can be seen in Table 6.
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In conclusion, the investigation in manufacturing sensors for stretchable
electronic applications provided progress with results on sputtered thin film adhesion,
mechanical and electrical properties of thin films, and sensor patterning.

Table 6
Comparison of Resistance Sensitivity of This Work Against Others
Strain
Reference

Substrate

Material

Method

△R/R (%)
(%)

[21]

PDMS

Ag-NP

Sputtering

0 – 80

0 – 100

[22]

PDMS

Ag-NP

Mixing

0 – 200

0 – 400

[55]

Rubber

Ag-NW

Mixing

0 - 200

0 - 90

[11]

PDMS

PANI

Polymer

0 – 20

0 – 40

This Work

PDMS

Ag-NP

Sputtering

0 – 800

0 - 20

6.2. Future Works
Important remaining questions that should be answered include:
•

Polymer fabrication. PDMS was chosen for this research due to its
mechanical properties and simple manufacturing process. The tensile
strength and elasticity of PDMS depend on multiple parameters. Further
experiments of a more robust mixture process, involving the mixing ratios
of elastomer to curing agent, curing temperature, and baking time, should
be explored. A stiffer PDMS sample could aid in the elasticity mismatch
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of silver and PDMS. By having stiffer PDMS, it could lead to sensors with
more repeatable results.
•

Improvement of data collection. Attaching the leads on PDMS was
difficult due to the lack of flexibility in silver epoxy. During tensile
testing, the cured silver epoxy presents weak points on the sample. More
research into other alternative conductive glues could deem useful in
sensor testing.

•

SEM inspection. Electron microscopy can be used to verify the sputtered
SiO2 on PDMS. Imaging SiO2 is a challenge because the coating is highly
insulating. Energy dispersive X-ray spectroscopy can also be difficult due
to the similar chemical compositions of SiO2 to PDMS (both containing Si
and O). The coated SiO2 should be closely examined to determine the
effects of grain sizes on resistivity and its effectiveness as a barrier.

•

Photolithography. Research into the removal of photoresist without
damaging the PDMS film is needed. Photoresist developers or other
solvents can be diluted and experimented on samples. Successful removal
of photoresists would make photolithography a promising method in
manufacturing strain sensors.

•

Stencil lithography. Manufacturing sensors via stencil lithography is an
effective method to create patterns on PDMS. In future research, a better
design for the stencil mask should be investigated. For example, the
thickness of the mask leads to issues in Ag film thickness uniformity.
Knife-like edges with tapering of the mask would be helpful.
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•

Repeatability of sensors. The film integrity of silver on PDMS should be
researched further. Cyclic tensile testing on Ag should be explored to
determine the long-term reliability at various strains. The repeatability in
resistance sensitivity is crucial for sensor manufacturing.
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